Summary. Residual beta cell secretory capacity was assessed in short term (2 months to 2 years) and long term (5 to 8 years) insulin-dependent diabetics by measurement of serum C-peptide immunoreactivity during three provocative tests: glucose, tolbutamide, and glucagon. Minimal C-peptide secretion could be detected in only one out of seven long term diabetics by the stimulatory tests. All seven short-term diabetics responded to at least one provocative test of beta cell reserve, although these responses were blunted. The greatest C-peptide responses occurred after glucagon administration (mean increase 0.62 pmol/ml) in short-term responders. Patients who responded to one test did not necessarily respond to another stimulus. There was no correlation between basal C-peptide levels and the ability to provoke further C-peptide secretion by any of the three tests. C-peptide responses did not correlate with % Haemoglobin ALe, mean fasting blood glucose levels, or mean blood glucose concentrations during an oral glucose tolerance test. The data indicate that stimulation tests are only useful in assessing endogenous beta cell reserve in patients with diabetes of less than 5 years duration. In diabetics of longer duration there is little insulin reserve above basal levels.
The importance of C-peptide immunoreactivity (CPR) as an index of endogenous beta cell reserve in 4 Present address: Dedham Medical Associates, Dedham, Massachusetts 5 Present address: Department of Medicine, University of Illinois Medical Center, Chicago, Illinois insulin-dependent diabetes, and its clinical implications, have been the subject of several recent reports [1] [2] [3] [4] [5] [6] [7] . While refinements of assay techniques for CPR have led to more precise evaluation of insulin reserve under a variety of conditions [8] [9] [10] , little data is available comparing several provocative stimuli for C-peptide in the same group of patients. The present study was designed to evaluate beta cell reserve measured by CPR in insulin-dependent (type 1) diabetes employing three provocative stimuli: glucose, tolbutamide and glucagon [11] [12] [13] . Stimulation tests were performed in two groups of type 1 diabetics: those of recent onset (less than 2 years) and those of longer duration (greater than 5 years). Correlations were sought between the results of the tests and various indices of glycaemic control.
Materials and Methods
Fourteen insulin-dependent diabetics, ranging in age from 10 to 21 years and with diabetes of 2 months to 8 years duration, were studied. Clinical data of these diabetics are presented in Table 1 . Seven had diabetes mellitus of recent onset (2 months to 2 years) prior to being studied and seven had diabetes of longer duration (5 to 8 years). No patients were receiving other drugs of any kind. Eleven patients were receiving one daily morning injection of insulin while 3 patients were receiving two daily injections, the second being at 1700 h. Informed consent was obtained from the parents and from each patient. Between 0800 h and 1000 h on three separate days within a three week period each patient underwent a series of three tests following a ten hour overnight fast. The patients received their usual insulin dose on the day prior to each test but no insulin was administered on the morning of the tests. An indwelling scalp vein needle attached to a three way stop-cock was inserted into an arm vein at least one-half hour prior to each test and kept patent with a slow infusion of 0.15 mol/1 saline. A 4 h oral glucose tolerance test (GTT) using 1.75 g/kg body weight up to 100 g glucose was administered. Samples were collected for plasma glucose, glucagon, and serum CPR at 0, 30, 60, 120, 180, and 240rain. On separate days glucagon (30 ~tg/kg) and tolbutamide (30mg/kg) were administered IV with samples for 0012-186X/80/0019/O183/$01.20 Glucose was determined by the glucose oxidase method using the Technicon autoanalyzer. Plasma glucagon [14] was measured by radioimmunoassay. The sensititivity of our glucagon assay is 40 pg/ml and the normal range is 40-120 pg/ml. HbAlc was determined by a modification of the method of Trivelli [15, 16] . Mean haemoglobin Ate values on 260 normal children, ages 2-18, with no family history of diabetes mellitus are 3.3 _+ 0.7% (1 standard deviation) with a range of 2.1-4.8% [17] . Serum triglycerides were measured enzymatically [18] .
Serum CPR [1] and serum free C-peptide [10] were measured by radioimmunoassay. All C-peptide samples were measured in duplicate in the same assay. The antisera used for these studies was Faber's M 1230 for which proinsulin has 11% the reactivity of C-peptide [19] . In two patients with extremely high total basal serum CPR levels (7 and 2, Figure 2 ) assays for free C-peptide were done to exclude the possibility that the high values were attributable to antibody-bound proinsulin [10] .
The sensitivity of the C-peptide assay was 0.06 pmol/ml. The 95% confidence limits for concentrations below 2.0 pmol/ml were + 0.1pmol/ml; in the order of 2.0pmol/ml, they were _+0.2pmol/ml, and for concentrations of 4.0pmol/ml were +0.3 pmol/ml. In the few samples with concentrations of total C-peptide as high as 6.0pmol/ml the confidence limits were +0.4 pmol/ml. Since the free C-peptide assay involves a twofold dilution of serum, the sensitivity of this assay is 0.12pmol/ml. Because values are multiplied by 2, the coefficient of variation is also doubled. We assume that most CPR in the non-responders is due to antibody-bound proinsulin, but it is difficult to quantitate this. Because of the sample dilution involved in the free insulin assay, levels below 0.2 pmol/ml cannot be distinguished from zero. This is true because the large coefficient of variation at the low end of the curve shows that samples of 0.12pmol/ml (free insulin) produce a 10% or greater displacement of label only half of the time.
Comparisons of provocative testing for the two groups of diabetics were done using the Student's t-test [20] as well as analysis of variance.
Results
It can be seen from Table 1 that differences in % HbAlc and serum triglycerides between the two groups were notsignificant. There were two patients (6, 9), one from each group, with clearly elevated serum triglyceride levels. The mean present ages of both groups were similar although the longer-term patients developed diabetes at an earlier age (8.9 vs 13.1 years). However, the data on the younger shortterm patients was not significantly different from the older short-term ones. Mean total daily insulin doses tended to be less for the patients with diabetes of Mean fasting plasma glucose levels were higher in the long-term diabetics for all the tests. Mean plasma glucose levels during the oral glucose tolerance test (Fig. 1 a) were higher for the long-term diabetics at 0, 180, and 240 minutes (p < 0.05). However, the incremental areas for glucose during the glucose tolerance test were similar-918 vs 960 (p > 0.05). Mean plasma glucose concentrations during the tolbutamide tolerance test (Fig. l b) were not significantly different between the two groups. Mean plasma glucose levels during the glucagon stimulation test (Fig. 1 c) were significantly higher at every point sampled for the long-term diabetics (p < 0.05). However, plasma glucose did not rise significantly in either group following glucagon stimulation. Basal plasma glucagon values were not significantly different between the short-term diabetics (161 + 11 pg/ml) and the longterm diabetics (146 + 10 pg/ml).
Mean basal serum CPR values on the three different days of testing were significantly greater for the diabetics with less than two years duration (0.94 + 0.37 vs 0.14 + 0.04; p < 0.05). Although all seven long-term diabetics had detectable basal serum CPR values (/> 0.06pmol/ml on at least one occasion) only one, (14) , had a value I> 0.20 pmol/ml whereas all of the short term diabetics had basal values i> 0.20 pmol/ml (p < 0.05).
As shown in Figure 2 , mean serum CPR values during the oral GTT were significantly greater at 60 and 120 minutes for the recent onset group (p < 0.05). For the tolbutamide tolerance test (Fig. 2b) , the mean serum CPR values were also greater for those with diabetes for less than 2 years at all points (p < 0.05). Mean serum CPR levels during glucagon stimulation (Fig. 2c) were similarly greater for recent onset diabetics although not statistically significant (0.05 > p < 0.10). There was a large patient to patient variation in the serum C-peptide response to glucagon in the short term diabetics with 2 patients having much higher responses than the other 5. For each of the two diabetic groups, none of the mean changes in CPR levels between the basal and stimulated state during the three provocative tests was statistically significant.
Only 1 of 7 of the patients who had diabetes for over five years responded to any of the stimuli, while all seven of the recent onset group responded to at least one provocative test of C-peptide secretion. Within the long-term group the one responder had an 0.15 pmol/ml increase in serum CPR only after tolbutamide. Within the short-term group, patient no. 1 had significant increments in serum CPR levels with all three stimuli, no. 6 had increases with both glucose and glucagon, two (5, 2) responded just to glucose, one (3) responded only to glucagon, one (7) responded to both glucose and tolbutamide, and one (4) responded only to tolbutamide. It is important to note that the mean increases in CPR following the 3 stimuli were variable. Thus, 5 of 7 patients responded to glucose (with a mean CPR increase of 0.26 pmol/ ml); 4 of 7 responded to tolbutamide (with a mean CPR increase of 0.28 pmol/ml), and 3 of 7 responded to glucagon (with a mean CPR increase of 0.62 pmol/ ml). The overall mean increase in CPR was 0.36 pmol/ml for the 12/21 positive responses in the short term group compared with only 1/21 increased responses in the long-term group.
There was no correlation between basal C-peptide levels, or the response of CPR to any of the three stimuli and duration of diabetes, glycaemic control, mean plasma glucose levels or HbA~c concentrations. Of note, however, the two patients (5 and 2) with the lowest total daily insulin doses had the highest mean basal serum CPR levels. However, neither responded to all three stimuli: no. 5 responded to glucose and glucagon, and no. 2 only to glucose. In the patients, measurements of free C-peptide were made to determine whether the high levels could be ascribed to antibody-bound proinsulin and the results confirm that this was not the case. Calculation of mean basal and stimulated CPR using both the free and total CPR for these 2 patients revealed a 17% decrease in mean values if the free CPR levels were employed but no change in the response patterns. Thus, no. 5 showed increases in free CPR after tolbutamide from 2.55 to 3.04 pmol/ml compared with an increase from 3.77 to 4.41 pmol/ml when total CPR was measured.
Discussion
The availability of C-peptide measurement by radioimmunoassay since 1970 [21] has enabled studies of endogeneous insulin secretion to be carried out on patients in whom circulating insulin antibodies are present. Block et al. [2] correlated serum C-peptide levels after glucose loading with remission and relapse phases of diabetes. Block et al. [1] and Heding [8] established values for normal C-peptide responses showing increments of C-peptide between 1.5 and 1.9 pmol/ml over basal values one hour after glucose challenge. Furthermore, both Heding [8] and Kuzuya at al. [11] showed that diabetics did have some, although decreased, C-peptide responses to a glucose challenge. Their groups of patients, however, were not clearly homogenous with regard to the type of diabetes or age of patients. In our group, 5/7 shortterm diabetics responded to oral glucose with a mean 0.26 pmol/ml increase in C-peptide reactivity. In a study of 35 insulin-dependent diabetics Grajwer et al. [22] showed that a greater percentage of patients with diabetes for less than five years had detectable basal CPR levels as compared to those with diabetes for over five years. Since only one patient responded to a glucose challenge, they concluded that maximum stimulation was present basally and that there was little C-peptide reserve in either group. They found no correlation between diabetic control and serum CPR levels nor between serum CPR levels and age of onset, total insulin dose, fasting glucose or change in glucose after glucose challenge. The degree of diabe-tic control was not assessed with haemoglobin A~c determinations. Criteria for C-peptide response to glucose challenge, however, are not given. Although the patient population was heterogeneous, Yue et al.
[23] using a group of 35 diabetics showed that the magnitude of the serum C-peptide response to glucose correlated with the degree of stability of diabetic control. Our data using HbA1c as an index of diabetic control do not support this observation.
Other investigators have examined CPR responses to various stimuli in diabetic subjects. Beischer et al. [12] found little correlation between fasting and stimulated CPR levels in response to the combined administration of glucose and a sulphonylurea. Glucagon has also been used as a provocative test for beta cell reserve. Faber and Binder [24] have shown that normals display a peak C-peptide response 4-15minutes (mean 8.7 minutes) after glucagon administration intravenously and that mean basal values of 0.36 pmol/ml stimulated to peak levels of 1.28 pmol/ml. Unger et al. [25] and Faber and Binder [24, 26] showed that increases in CPR levels occur after intravenous glucagon in diabetics. Finally, Ludvigsson and Heding reported that only 3 of 10 insulin-dependent diabetics whose mean duration of disease was 6.3 years had any C-peptide response to intravenous glucagon secretion [13] . In our group, 3/7 short-term but no longer term diabetics responded to glucagon with a mean increase of 0.62 pmol/ml compared with 0.92 pmol/ml in the normals described above. Thus, our data support the suggestion that glucagon [24] may be the best test for beta cell reserve in diabetics.
Heding reported absent fasting CPR levels in 21 of 24 insulin treated diabetics (ages 17-67) with a duration of disease ranging from 1-29 years [27] . In our study, however, basal CPR levels were detectable at least once in all patients studied.
There are several difficulties in the interpretation of the above studies and extrapolating from these data to any one group of diabetics, particularly insulin-dependent patients. Many of the investigators studied heterogeneous diabetic populations with respect to type of disease, insulin-dependent vs insulin-independent, duration, severity and history of complications. Unfortunately, protocols for provocative testing were not standardardized from study to study. Furthermore, criteria for response of C-peptide to the various stimuli were not uniform.
One may not be able to compare serum CPR responsiveness after any stimulus in diabetics to nondiabetic controls. In our group of seven recent onset diabetics, responses were diminished. Normal young adult responses to either 50 or 100 g oral glucose vary between 1.5 and 1.9pmol C-peptide/ml above 187 baseline [2, 8] . In our patients, we observed a wide spectrum of responses from 0.11 to 0.65 pmol/ml increments in serum CPR values after stimulation. Increments in total C-peptide are almost certainly due to C-peptide itself as newly secreted proinsulin is miniscule in amount [28] accounting for < 5% of C-peptide on a molar basis.
The results of this study show that an appreciable C-peptide response was obtained in at least one stimulatory test in all seven recent onset diabetics. Neither the number of responses in the same patient nor the magnitude of the response correlated with the basal serum CPR value. Only one of the patients in the long-term group had significant stimulation with any of the provocative tests. This study differs from previous investigations in that it assessed three stimulatory tests in the same patients in an attempt to determine if, in fact, different stimuli might elicit selective responses in beta cell function. It is clear that, as others had suggested, some insulin-dependent diabetics do respond to various stimuli of insulin secretion. This response may be blunted, as had been previously demonstrated [8, 11, 24] . We infer from these data that mechanisms of insulin release differ depending upon the provocative stimulus used. The clinical significance of the variations in response is not clear.
It is noteworthy that the two patients with the highest basal CPR values, although they did not have the greatest increments after stimulation, were both in partial remission, as defined by rapidly decreasing insulin requirements after diagnosis.
In conclusion, this study demonstrates that in a small group of insulin-dependent diabetics, basal serum levels of CPR do not totally reflect endogenous beta cell reserve as measured by additional provocative testing. Our data support previous studies which suggested that patients may respond differently to various stimuli of insulin secretion. In patients with sustained hyperglycaemia, very small amount of proinsulin and C-peptide appear to be secreted by the remaining B-cells. Those with the most limited beta cell reserve and significant basal hyperglycaemia cannot further augment insulin secretion. Their ongoing C-peptide secretion is thus too low to be measured, but proinsulin is retained in the circulation by insulin binding antibodies and reaches levels measurable as total C-peptide. Finally, stimulation tests are only useful in assessing endogenous beta cell reserve in patients with diabetes of less than 5 years duration. In diabetics of longer duration there is little insulin reserve above basal levels.
